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Abstract Functional nanofibrous polymer membranes
were prepared by incorporating poly(2-aminothio phenol)
(P2AT) stabilized Au NPs onto electrospun polyvinylidene
fluoride (PVdF) nanofibers (designated as P2AT-Au
NPs@PVdF-NFM). The preparation of P2AT-Au
NPs@PVdF-NFM involves two steps: loading of 2AT
(monomer) into electrospun PVdF nanofibrous membrane
and polymerization of 2AT by gold chloride. P2AT and Au
NPs were simultaneously formed into the electrospun
PVdF-NFM. Transmission electron microscope image of
P2AT-Au NPs@PVdF-NFM informs the presence of Au
NPs (with sizes ~10 nm) onto PVdF-NFM.
Keywords Nanofibers . Polyvinylidene fluoride .
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Introduction
Recently, polymer nanofibers have attracted much interest
because of their unique properties and wide range of
applications. Among the methods available for the fabrication
of polymer-based nanofibrous membranes (NFMs), electro-
spinning is simple and has received widespread attention [1,
2]. Polymer nanofibers are produced by electrospinning
process from an electrostatically driven jet of polymer
solution (or melt). The discharged polymer jet undergoes a
whipping process wherein the solvent evaporates and the
highly stretched polymer fibers deposit on a grounded target.
The relatively high production rate and simplicity of the
setup makes electrospinning highly attractive [3]. Studies on
electrospun NFMs revealed that their interesting features
such as large surface area, flexibility for physical/chemical
modification, provide possibility to induct multifunctional
properties, and the resulted multifunctional NFMs could be
effectively used for applications in areas including textiles,
separation science and so on [4, 5]. Multifunctional NFMs
could be prepared by electrospinning through the incorpora-
tion of functional components into the NFMs [6–8]. It is
possible to incorporate electronic, magnetic, optical, or
biological materials into the electrospun fibers to obtain
multifunctional nanofibers.
The preparation of composite nanofibers has become an
important area of research. Kim et al. [9] reported the
preparation of poly(vinyledene fluoride) (PVdF)/polyaniline
(PANI) composite membrane by direct polymerization of
aniline (monomer) on the surface of PVdF nanofibers.
Manesh et al. [10] reported the preparation of electrospun
PVdF/poly(aminophenylboronic acid) composite NFM and
utilized the same for glucose sensor application. The same
research group has also prepared PVdF/polydiphenylamine
composite electrospun membrane as polymer electrolyte for
lithium batteries [11]. Research studies on metal nanoparticles
(MNPs) are continuously increasing because of their unusual
properties compared to bulk metals and potential applications
in electrical, optical, magnetic, catalytic, and chemical/
biochemical sensing areas [12–14]. MNPs-based composites
have been prepared through incorporation of them into silica
or metal oxide surfaces [15], polymer micelles [16], and
microspheres [17].
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MNPs were incorporated into electrospun fibers and
composite NFMs were prepared [18, 19]. Reports are
available on the preparation of composite NFMs, polyac-
rylonitrile/Ag [20], poly(vinylalcohol)/Au [21], and poly
(N-vinylpyrrolidone)/Au [22]. Electrospinning has been
used to prepare heterogeneous nanostructured PVdF-
NFMs consisting of lead sulfide (PbS) and gold nano-
particles (Au NPs) [23]. The PVdF/PbS/Au multicompo-
nent NFMs exhibited optical and electrochemical properties
due to the presence of PbS and Au NPs. However, studies
on the preparation of electrospun NFM comprising of
PVdF, a conducting polymer and MNPs are not available.
A composite of Au-PANI can exhibit properties of
both components such as good chemical stability, high
conductivity, and unique optical properties from Au
particle and easy processing, light weight and electro-
chemical properties from PANI. The synergistic proper-
ties of PANI and Au have been utilized for extensive
applications in diverse areas [24]. Au-PANI composites
have been prepared by chemical [25, 26] and electro-
chemical [27] methods. However, in most of the PANI-Au
composites, no strong attachment between PANI chains
and Au particles has been reported. The interaction
between the groups in PANI and Au particles can play
crucial roles from application point of view in various
electronic devices, especially with regard to charge
transfer at their contacts. There is, therefore, a need to
develop synthetic approach to establish intimate contact
between Au particles and PANI chains. In this study, we
have used poly(2-aminothio phenol) (P2AT), a PANI
derivative containing thiol groups, to establish intimate
contacts between PANI chains and Au particles. We report
the preparation of electrospun PVdF-based composite
nanofibrous membranes (NFMs) incorporated with P2AT
and Au NPs (designated as P2AT-AuNPs@PVdF-NFM).
P2AT was specifically used to stabilize the Au NPs in the
multifunctional nanostructures. P2AT-AuNPs@PVdF-
NFMs was characterized for morphology, optical, struc-
tural, and electronic characteristics.
Experimental
Chemicals
Hydrogen tetrachloroaurate (HAuCl4·3H2O; >99.9%), 2AT,
β-naphthalene sulfonic acid (β-NSA) and poly(vinyledene
fluoride) were purchased from Sigma-Aldrich, Inc., USA.
Instruments
P2AT-AuNPs@PVdF-NFMs were characterized by field
emission transmission electron microscope (FETEM;
JEOL, JEM-2000EX) with a field emission electron
gun operated at 200 kV. The morphology of P2AT-
AuNPs@PVdF-NFM was examined by field emission
scanning electron microscope (FESEM; Hitachi S-4300)
with a field emission gun operated at 200 kV along with
elemental detection of X-ray analysis (EDAX) to know
the elemental composition. FTIR spectra were collected
using Perkin-Elmer Lambda 9N-1062 spectrometer. UV–
Visible spectra were recorded using Shimadzu UV-2101
spectrophotometer. The P2AT-AuNPs@PVdF-NFM was
casted as film on the surface of indium tin oxide-coated
glass plate (ITO) and the electroactivity was evaluated
by cyclic voltammetry experiments (Iviumstat and
Compactstat (Netherlands)) using a three-electrode cell
setup.
Preparation of P2AT-AuNPs@PVdF-NFM
Preparation of P2AT-AuNPs@PVdF-NFM involved
three steps, (1) preparation of electrospun PVdF-NFM,
(2) loading of 2AT in PVdF-NFMs (2AT@PVdF-
NFMs), (3) and formation of P2AT stabilized AuNPs
into PVdF-NFMs.
Preparation of electrospun PVdF-NFMs
A 10% solution of PVdF was prepared by dissolving PVdF
pellets in DMF. The electrospinning setup includes syringe,
pump, capillary, high-voltage power supply, and collector.
The metal capillary was connected to the high-voltage
power supply, which can generate DC voltages up to 25 kV.
The electrospun PVdF membranes were collected and
vacuum-dried for further use.
Loading of 2AT in PVdF-NFMs
The electrospun PVdF-NFMs were soaked in a 50-mL
solution containing a specified concentration of 2AT (say
10 and 50 mM) in β-NSA and kept undisturbed for 10 h.
The 2AT (monomer) loaded PVdF-NFMs (2AT@PVdF-
NFMs) were removed, wiped off the surface with blotting
paper and dried in a vacuum oven.
Formation of P2AT stabilized AuNPs in PVdF-NFMs
2AT@PVdF-NFMs was soaked in β-NSA and a solution of
HAuCl4 (10 mM) was added dropwise. The green-colored
NFMs (P2AT-AuNPs@PVdF-NFM) were removed,
washed thoroughly with water and dried at 60°C in an
oven. P2AT-AuNPs@PVdF-NFMs were prepared by prior
loading of 10 and 50 mM of 2AT and the composite NFMs
were designated as P2AT(10)-AuNPs@PVdF-NFM and
P2AT(50)-AuNPs@PVdF-NFM, respectively.
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Results and discussion
Morphology
The morphology and microstructure of pristine PVdF-
NFMs, P2AT(10)-AuNPs@PVdF-NFMs, and P2AT(50)-
AuNPs@PVdF-NFMs were investigated by FESEM. Pris-
tine PVdF-NFM was white in color. After the formation of
P2AT-Au NPs in PVdF-NFMs, the color of NFMs was
green. The green color indicated the emeraldine form of
PANI derivative (P2AT) in PVdF-NFMs. FESEM image
(Fig. 1a) revealed that the fiber diameters of P2AT(10)-
AuNPs@PVdF-NFM (120–150 nm) are comparatively
larger than for the pristine PVdF fibers (80–100 nm; figure
not shown). Also, Au NPs of the sizes in the range of 10–
30 nm are found to be distributed on the surface of P2AT
(10)-AuNPs@PVdF-NFM. The size of fiber diameters and
Au NPs were precisely understood from FETEM. FETEM
image of the single fiber of P2AT(10)-AuNPs@PVdF-NFM
was recorded to obtain information on the size of Au NPs
Fig. 1 FESEM image of a
P2AT(10)-AuNPs@PVdF-NFM










Scheme 1 Preparation of P2AT-Au NPs@PVdF-NFM
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as well the surface morphology of nanofibers. The Au NPs
of the sizes in the range of 10 to 30 nm on the outer surface
of the fibers were observed (Fig. 1b,c). One could also
notice bulged and protruded portions in the fibers (Fig. 1c).
The bulged/non-uniform coating on the surface is attributed
to the formation of P2AT on the PVdF fiber surface. Also,
the fibers were inter-linked through these protruded
portions. The morphology of P2AT(50)-AuNPs@PVdF-
NFM was found to be different from P2AT(10)-
AuNPs@PVdF-NFM (Fig. 1a,e). FESEM image of P2AT
(50)-AuNPs@PVdF-NFM is presented for comparison of
morphology with P2AT(10)-AuNPs@PVdF-NFM. Nano-
platelets of P2AT(50) with breadth sizes in the range of
200–400 nm are found on the surface of PVdF. The
morphology of the fibers changed from cylindrical (P2AT
(10)-AuNPs@PVdF-NFM) to flat platelets (P2AT(50)-
AuNPs@PVdF-NFM). The change in morphology is
attributed to the merging of fibers through bulged or
protruded portions formed as a result of P2AT-AuNPs on
the surface of PVdF-NFMs. The morphological trans-
formations are attributed as shown in Scheme 1.
2AT has amine and thiol groups and the groups can
cause inter and intra molecular hydrogen bonding as they
are confined in PVdF-NFMs. These molecular interactions
can result in self assembly of 2AT in a lamellar structure
within the fibers prior to polymerization. 2AT-loaded PVdF
fibers were subjected to treatment with HAuCl4, the
lamellar arranged 2AT molecules polymerize to result in a
nanoplate-like morphology. The thickness of the platelets
and breadth of platelets showed dependence on the
concentration of 2AT loaded into PVdF fibers (Fig. 1a,e).
EDAX was used to estimate the amount of AuNPs loaded
in P2AT-AuNPs@PVdF-NFM. The % of Au NPs loaded in
P2AT-AuNPs@PVdF-NFM increased from 2.4 wt% for
Fig. 2 UV–Visible spectra of a P2AT(10)-AuNPs@PVdF-NFM b
P2AT(50)-AuNPs@PVdF-NFM, inset: visible region
Fig. 3 FTIR spectra of a P2AT(10)-AuNPs@PVdF-NFM b P2AT
(50)-AuNPs@PVdF-NFM
Fig. 4 Cyclic voltammogram of a P2AT(10)-AuNPs@PVdF-NFM b
P2AT(50)-AuNPs@PVdF-NFM
Fig. 5 Impedance measurements of a P2AT(10)-AuNPs@PVdF-
NFM b P2AT(50)-AuNPs@PVdF-NFM
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P2AT(10)-AuNPs@PVdF-NFM to 3.72% for P2AT(50)-
AuNPs@PVdF-NFM (Fig. 1d,f).
UV–Visible studies
The electronic characteristics of P2AT-AuNPs@PVdF-
NFMs were examined by UV–Vis spectroscopy (Fig. 2).
The spectrum of P2AT(10)-AuNPs@PVdF-NFMs (Fig. 2a)
shows two main absorption bands, one at 280–290 nm and
another around 350 nm, along with a weak band around
500 nm. The two main bands are attributed to π–π*
transitions of aromatic units and polaron transitions of
P2AT, respectively [28]. The band around 500 nm corre-
sponds to plasmon resonance of Au NPs [29]. For the P2AT
(50)-AuNPs@PVdF-NFM (Fig. 2b), these peaks were
noticed around 290, around 360 nm, and around 490 nm,
respectively.
FTIR studies
FTIR spectrum of P2AT(10)-AuNPs@PVdF-NFMs exhibited
bands around 1510 cm−1 and 1680 cm−1 characteristics of
benzenoid and quinoid C═N vibrational bands of P2AT,
respectively (Fig. 3a) [11]. These feature informed that P2AT
existed in oxidized state. The band corresponding to CF2
bending mode appeared around 1380 cm−1 in the spectrum
of P2AT(10)-AuNPs@PVdF-NFM. A shift in the position of
CF2 vibrational band was noticed as compared to CF2 band
of pristine PVdF (1400 cm−1) [30]. The shift in the position
of CF2 vibrational band indicates that CF group may have
molecular level interaction with nitrogen atoms in benzenoid/
quinoid structure of P2AT. FTIR spectra of P2AT(50)-
AuNPs@PVdF-NFM and P2AT(10)-AuNPs@PVdF-NFM
showed similar spectral feature excepting but with variations
in peak intensities (Fig. 3b).
Cyclic voltammetry
The cyclic voltammograms (CVs) of P2AT-AuNPs@PVdF-
NFM were recorded in 1.0 M HCl solution recorded with a
potential scan rate of 50 mVs−1 (Fig. 4). CVs of P2AT-
AuNPs@PVdF-NFM exhibited peaks that correspond to
redox states of P2AT [31]. The first anodic peak (~0.2 V) is
attributed to the oxidation of leucoemeraldine to emeraldine
form of P2AT. The second anodic peak ~0.98 V is assigned
for the oxidation of the emeraldine form of P2AT to
pernigraniline form.
Impedance studies
The electrochemical interfacial characteristics of P2AT-
AuNPs@PVdF-NFMs were evaluated by electrochemical
impedance spectroscopy (EIS). The typical Cole–Cole plots
of ITO/P2AT(10)-AuNPs@PVdF-NFMs and ITO/P2AT
(50)-AuNPs@PVdF-NFMs electrodes are presented
(Fig. 5). The impedance plots contain a semicircle part
and an inclined straight line part in the high- and low-
frequency ranges, respectively. The impedance character-
istics are attributed to conduction and diffusion process
[32]. The bulk resistance (Rb) was extracted from the real
axis (Z′) at low-frequency intercept [33]. The Rb values
were determined to be 17 and 23 Ω for P2AT(50)-
AuNPs@PVdF-NFMs and P2AT(10)-AuNPs@PVdF-
NFMs, respectively. The ionic conductivity values of
P2AT(10)-AuNPs@PVdF-NFMs and P2AT(50)-
AuNPs@PVdF-NFMs were derived to be 4.34×10−2 and
5.88×10−2 Scm−1, respectively. The increased ionic con-
ductivity for P2AT(50)-AuNPs@PVdF-NFMs is due to the
existence of higher Au NPs loaded in P2AT(50)-
AuNPs@PVdF-NFMs. P2AT possesses strong charge (po-
laron and bipolaron) trapping centers and the localized
motion of them provide electric dipoles, especially under
external electrical fields [34]. This electric field can cause
the localized charge carriers to hop to neighboring sites of
Au NPs via P2AT chains. As a consequence, charge
hopping can form continuous network and allows the
charges to travel through the entire nanofibrous framework.
This would eventually result in electrical conduction in the
nanofibrous membranes via variable range hopping. In the
presence of P2AT, the charge-trapping centers of Au
particles are reduced, leading to large participants in
relaxation process. As a consequence, an increase in
conductivity of P2AT-Au composite was witnessed
Conclusions
New electrospun composite polymer nanofibrous mem-
brane comprising P2AT, Au NPs and PVdF nanofibers
(designated as P2AT-AuNPs@PVdF-NFM) were success-
fully prepared. The combined presence of P2AT and AuNPs
in PVdF-NFMs imparts synergistic properties, such as
electroactivity and electrical conductivity, to P2AT-
AuNPs@PVdF-NFM. The new functional membrane,
P2AT-AuNPs@PVdF-NFM, is expected to find application
as electrocatalyst, sensor material, etc.
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